ABSTRACT: The European anchovy Engraulis encrasicolus population of the North Sea has increased and spread in recent decades, probably in response to the relaxation of limiting factors in its life history. We use models and empirical data to explore the effects of temperature and food availability during the first growing season on the adult anchovy population across the North Sea. First, we compare simulated growth during summer and autumn, from a dynamic energy budget model, with trends in the time series of anchovy survey catch per unit effort. The proportion of the area of the North Sea in which anchovy can grow to 10 cm (the potential growth habitat) correlates with the abundance of anchovy caught in surveys the following year. Second, spatio-temporal statistical modeling is used to show that anchovy abundance in surveys is related to environmental variables (temperature and food availability). Temperature explains the distribution and abundance of anchovy in the North Sea better than food availability or a combination of both environmental factors. We conclude that variations in growth during the first months of life can impact anchovy life cycle closure. Specifically for the North Sea anchovy, changes in temperature are more important than changes in food availability in allowing the fish to grow to overwintering size, under probably non-food-limited conditions. KEY WORDS: Small pelagic fish growth · Life cycle closure · Range expansions · Generalised additive models · Physiological models
INTRODUCTION
Species' ranges are being increasingly studied to understand animal and plant responses to anthropogenic impacts, such as climate change (Thomas & Lennon 1999 , Parmesan & Yohe 2003 , Perry et al. 2005 . When a species expands its range, some limiting factors that affect the growth or survival of one or more of the distinct life history stages change (e.g. Rijnsdorp et al. 2009 ) which may increase the connectivity between the habitats of the successive life history stages, allowing life cycle closure (sensu Sinclair 1988) . When the abundance of southern fish species recently increased in the North Sea, climate change was investigated as a cause (Beare et al. 2004b ). However, given that the abundance and spawning of some of these species, like anchovy and sardine, was already high several decades ago (Aurich 1950 (Aurich , 1953 , the relevant question is what aspect of the life history has changed to allow for this increase at more northern latitudes, regardless of whether anthropogenic climate change is implicated in the mechanism or not.
Here, we explore the apparent range expansion of anchovy Engraulis encrasicolus, a species with southern geographic affinity (Engelhard et al. 2011) , in the North Sea since the mid-1990s (Armstrong et al. 1999 , Beare et al. 2004a ) and consider its population dynamics in light of variability in potential limiting factors and their impact on life cycle closure (Petitgas et al. 2013) .
Due to the relative novelty of anchovy in the North Sea, little is known about its life history in this northern part of its range. In a recent synthesis (Petitgas et al. 2012) , hypotheses are explored based on the biology of the species in its Bay of Biscay habitat, with the conclusion that the productivity of the first growing season is probably an important control of survival during the first winter in the North Sea. Early life growth may affect fish survival (e.g. Meekan & Fortier 1996) , and both temperature and food are related to early life growth in Japanese anchovy (e.g. Takasuka & Aoki 2006) .
The present study aims to explore which factors during the early life stages (larval to juvenile, termed 'juvenile' from here on) determine the abundance and distribution of anchovy by using 2 modeling approaches (one bio-energetic and one statistical). First, temperature-and food availability-dependent growth of anchovy during its first 6 mo of life was modeled using the dynamic energy budget (DEB) framework linked to a 3-dimensional ecosystem model. This allowed for the development of an index of habitat suitability for juvenile growth in the North Sea. We expect that years in which simulated habitat suitability is high would correspond to years that have high empirical survey catches in the following winter.
Second, using independent environmental data, statistical modeling (generalised additive modeling [GAM] ; Hastie & Tibshirani 1990 , Wood 2006 was carried out to determine whether temperature or food variables or both encountered as juveniles covaried with the distribution and abundance of survey catches of anchovy in the North Sea and which variables provide the most parsimonious explanation of the data.
Using this 2 method approach, we carry out a robust exploration of the overarching hypothesis of the present work -that the limitations to juvenile growth in the summer were relaxed in years that preceded greater catches of adult anchovy in the North Sea.
MATERIALS AND METHODS

DEB modeling
The DEB theory ) provides a framework that allows an organism's rate of energy assimilation and utilization for body maintenance, growth and reproduction to be modeled as a function of the state of the organism itself (i.e. its age, size and amount of energy reserves) and the state of its environment (i.e. temperature and food availability). The DEB model assumes that assimilation and maintenance are a function of surface area and body volume respectively. Assimilated energy enters the reserves, from which it is allocated to maintenance plus growth (together these are a fraction, kappa, of the reserve pool) and reproduction (1 − kappa). The reader is referred to the original theoretical literature ) for a full description of dynamic energy budgets or to van der Meer (2006) for a summary of the approach.
In a recent application of the DEB framework, spatially explicit environmental food and temperature were used as input for simulations of climate change impacts on habitat suitability as reflected in fish growth (Teal et al. 2012) . The model simulates changes in the growth of a hypothetical fish and outputs body size-, food-and temperature-dependent growth rates for each North Sea grid cell (daily, 10 × 10 km) of the coupled ecosystem model General Estuarine Transport Model -European Regional Seas Ecosystem Model (GETM-ERSEM, www.nioz.nl/ north sea _ model, referred to as 'ERSEM' from here on).
Here, we use this model formulation to simulate the daily growth of juvenile North Sea anchovy for each year between 1985 and 2007. That is, for each grid cell, the starting length of the hypothetical fish is converted to volume by cubing the product of length and the species-specific shape coefficient (δ m ). Then, the volume change is calculated with DEB given environmental temperature and food values from ERSEM, the new volume after 1 d of growth is converted back to length, and the difference in lengths between days is termed the daily growth potential of the fish.
The DEB parameters used are anchovy-specific and based on empirical data from the Bay of Biscay or experiments, for lack of equivalent North Sea information (Table 1) .
The timing of the growing season of anchovy has to be inferred from the sparse available empirical data. The estimated start of spawning time of anchovy in the German Bight is June/July (Alheit et al. 2007) , and larvae are present in highest abundances in June to July in the Helgoland Roads in the German Bight , but it is possible that spawning may continue until July/August (speculated by Kanstinger & Peck 2009 ). Therefore, the yearly growth simulation was carried out from 1 June (day 152 of the year) to the end of the year, and in each grid cell of the North Sea, a starting length of 0.5 cm was used to match the anchovy age at first feeding (off Portugal; Ré 1996) .
Daily fish length reached by a certain date was calculated by summing all positive growth potentials across previous days in the model, as we work with the assumption that the fish cannot shrink. We use this fish length to display model results as length is a more tangible measure for comparison with empirical data and also more commonly used in fisheries biology than the more abstract growth potential. We also compute the proportion of the North Sea containing suitable habitat for juvenile anchovy growth. Fish habitat can be defined in many ways, but here, we define suitable habitat as those areas where anchovy can reach a specific threshold size that allows for overwinter survival, as suggested by Petitgas et al. (2012) . For Bay of Biscay anchovies, having a body size of 6 to 7 cm is estimated to result in better overwinter survival, and we assume that in the North Sea this overwintering size would need to be larger due to colder winters. We therefore chose 10 cm as threshold size.
Two years from the series of analysed years (1985 to 2007) were selected to provide more detailed spatial information, i.e. to show which areas of the North Sea are the most suitable for juvenile anchovy growth: 1988 and 2003. These years had the lowest and highest mean temperatures in Quarter 3 (July to September) respectively at the Marsdiep tidal channel (Wadden Sea), and this location is representative of the southern North Sea (Teal et al. 2008) where we expect young anchovies to be located.
The environmental input data used in the growth model are the output of ERSEM. We use the ERSEM outputs of sea surface temperature (SST) between 0 and 5 m and potential food availability for pelagic fish, a measure of pelagic zooplankton production, hereafter referred to as secondary production (example output is shown in Fig. 1 ). ERSEM reports this measure in mg C m −2 d −1
, and we used the conversion factor of 46 to convert from mg C to Joules (Salonen et al. 1976) . Food dependency (f ) in the DEB model is modeled as f = X/(X + X h ). The food density X referred to in f was calculated as the total secondary production available to pelagic fish divided by depth of the water column. The saturation coefficient X h was set to 6.9 × 10 −5 J cm −2 , previously used in the functional response of sole and plaice (Teal et al. 2012) . Since not all the secondary pelagic production output by ERSEM is available to anchovy, total levels were calibrated to a lower proportion of the total based on the comparison between available empirical data on anchovy growth and model output for anchovy growth. The mean length of anchovies caught in Weeks 40 and 41 of 2003 (late September to early October) between 51 and 53°N and 3 to 5°E was 9.9 cm (Grift et al. 2004, our Fig. 2a) . We simulated fish growth for the same geographical area so that the mean lengths reached in the included cells would be the same by that time of year in 2003 by varying the food proportions accordingly (Fig. 2b) . The fraction of pelagic secondary production that gave length outputs similar to the empirical data was 1.25 × 10 −6
; we therefore consider this fraction of secondary production to be available to anchovy. Empirical demersal trawl data from the International Bottom Trawl Survey (IBTS) were extracted from the International Council for the Seas' website to allow for comparison with model output. Anchovy catch per unit effort (CPUE) per length class were summed across length classes for each ICES rectangle (1° longitude and 0.5° latitude), and the total abundance in Quarter 1 (January to March) of each year was calculated. Yearly habitat availability (proportion of North Sea cells having reached overwintering size) was then correlated to the next year's Quarter 1 total survey catches using Spearman's rank correlation.
All the analysis and plotting was carried out in R (R Development Core Team 2012).
Spatio-temporal modeling
The relationship between anchovy catches in the IBTS (i.e. demersal trawl data) and the potential explanatory variables affecting the catch (temperature and food) is modelled with a non-parametric regression technique, GAM, which uses multiple penalised regression splines (Wood 2006) . This framework is very flexible for modeling biological processes, which are not always linear, and in addition it allows for the inclusion of spatial information into the model. Climate can act differentially in both space and time (Stenseth et al. 2002) , and the effect of environment on fish populations may vary in space (e.g. Ciannelli et al. 2007 ). Spatial effects are taken into account by adding a variable representing space as the interaction between latitude and longitude (previous examples include Ciannelli et al. 2007 , Llope et al. 2009 ). In this way, as much available information as possible is included into the model (rather than using averages for North Sea or across sub-areas of it, for example) since anchovy data are already sparse. The effect of variables for which we do not have information but which still shape the distribution of anchovy are implicit in the spatial variable, and their effect can thus be distinguished from the variables for which we do have data (temperature and food).
We compared 3 model formulations for data from years 1973 to 2006 (pooled), representing the influence of (1) temperature only, (2) food availability only and (3) both combined, during the anchovy growing season on anchovy abundance, using survey catches as a proxy for abundance. All 3 models included additional spatial effects. The response variable is the log-transformed survey CPUE of anchovy ('Catch') at longitude 'Lon' and latitude 'Lat' for Quarter 1 (January to March) of Year x. This was related to the colocated position, the SST ('Temp') in Quarter 3 (July to September) of Year x − 1, and food availability ('Food'), i.e. the total copepods in Quarter 3 of Year x − 1.
Model 1: Temperature only:
Model 2: Food availability only:
Model 3: Both temperature and food:
where a is the intercept, s 1 , s 2 and s 3 are 2-dimensional non-parametric smooth functions describing the effect of location on Catch, and g 1 , g 2 , g 3 and g 4 are 1-dimensional smooth functions describing the effect of the environment (temperature or food) on Catch. The random error term ε(Lat,Lon) is assumed to be normally distributed with zero mean and finite variance. To avoid over-fitting, we limited the number of smoother knots, k, to 4 for the g (environment) functions and to 20 for the s (interaction Lat ×Lon) functions. The analysis was carried out in R using the 'mgcv' package (Wood 2006 ) and the data outlined below.
Anchovy CPUE per ICES rectangle (as described above) from Quarter 1 were used. The survey catches dataset suffers from the classical problem of zeroinflation common in fisheries datasets: the full dataset between 1973 and 2006 contains > 90% zeros. Most likely, some of these zero observations are true zeros (no anchovy presence where sampling occurred), and some are false zeros (anchovy presence but not observed by sampling). While novel statistical approaches are being developed (Liu & Chan 2010 , example in Yu et al. 2012 ) to discriminate between the 2 potential causes for zeros, we consider that in addressing a range expansion the use of historical data to distinguish true/false zeros is not appropriate. Using a presence-absence approach would be possible, but our interest lies in what factors influence anchovy abundance when it is present, and there are 2 possible approaches to address this issue (detailed by Ciannelli et al. 2008) . One is to use the 'conditional model' in which first presenceabsence is modeled and only then is the species abundance modeled, conditional on the species being present. Another approach is to remove the zeros and focus on the presence data only. We choose to exclude the zeros because the conditional model can give contradictory results (Barry & Welsh 2002) , and our interest lies mainly in what accounts for the abundance when anchovy is present rather than what allows for its presence. We try to address a combination of what factors in the growing season account for both the presence and abundance in Quarter 1.
SST (°C) data of the International Comprehensive Ocean-Atmosphere Data Set (1° enhanced) were obtained from the website of the NOAA Earth System Research Laboratory Physical Sciences Division, Boulder, CO (www.cdc.noaa.gov). The resolution of these SST data was 1° longitude by 1° latitude, while the ICES rectangle resolution was 1° longitude and 0.5° latitude. The SST values were therefore downscaled to the ICES rectangles using loess. The degree of smoothing (value of 'span' in loess) was estimated independently for each year since the spatial structure of the data may vary from year to year. Monthly mean SST were then averaged to give the mean SST for each rectangle for the third quarter of each year as a proxy for the anchovy growing season.
Zooplankton data were obtained from the Sir Alistair Hardy Foundation for Ocean Science's Continuous Plankton Recorder (CPR) dataset. The CPR survey has provided a long-running dataset by using vessels of opportunity to collect samples that are later analysed in the lab (for a detailed description of the dataset, see Warner & Hays 1994 , Richardson et al. 2006 .
Recent studies of anchovy diet in the North and Baltic Seas (Schaber et al. 2010 , Raab et al. 2011 indicate that anchovy is a generalist feeder as its diet varies across areas, years and seasons, but copepods make up a big part of the diet. As in previous studies (reviewed by van der Lingen et al. 2009 ), copepods stand out as an important prey taxon, although the percentage of copepod prey items in the North Sea anchovy diet is lower than in other regions. We therefore used the total traverse count of copepods (referred to as total copepods from now on) from the CPR, which includes copepods ≤2 mm, to test the effect of prey variability on juvenile anchovy. Moreover, we selected relevant plankton taxa, such as Temora spp. and Centropages spp., which are the most important items for North Sea anchovy by abundance in stomachs (Raab et al. 2011) . Total zooplankton biomass (dry weight) was also utilised as a proxy of the overall available zooplankton standing stock. This was derived from CPR records by multiplying the density of 173 copepod and non-copepod taxa by the average dry weight per individual (see Llope et al. 2012 for more details). As the aim was to investigate the potential effect of environmental variability on the growth of the North Sea anchovy population, we related zooplankton records from Quarter 3 (i.e. the anchovy growing season) of a year with anchovy CPUE in Quarter 1 of the following year. Plankton data were first averaged per month and per ICES rectangle, and then the mean value in Quarter 3 was calculated. Selection of the best version of Model 2 for food only was done by minimizing the generalised crossvalidation (GCV) index, which reflects the trade-off between model complexity and fit to the data (Wood 2006 and explanation by Llope et al. 2012) . This model's food measure was subsequently used in Model 3. Then, Models 1, 2 and 3 were compared and selected through minimization of GCV and removal of non-significant variables.
RESULTS
DEB modeling
We present results of the DEB model for the whole North Sea as well as for a sub-area, the southern North Sea (between 53−55° N and 3−9° E), as an example because spawning is known to take place there and to allow for comparison with other studies (e.g. Alheit et al. 2007 Alheit et al. , 2012 .
The mean lengths reached by anchovy in the North Sea between 1 June and the end of the year during the period 1985 to 2007 are 4.4 to 5.5 cm (Fig. 3a) and thus show relatively little variation among years (1.1 cm). Even using this overall North Sea average, however, it is clear that in early years (blue lines in Fig. 3a) in the time series, anchovy reach a lower size than in later years (yellow lines in Fig. 3a) . This also applies when considering only the southern North Sea, where average lengths reached range from 7 to 9 cm (Fig. 3c) .
The measure of habitat suitability, expressed as the fraction of area where fish can reach 10 cm, shows more inter-year variation: across the whole North Sea, the proportion varies between 0 in the year 1986 and 0.11 in 2003 (Fig. 3b) . Only 1986 had even lower habitat suitability than the example year for cold temperatures (1988) . In 1986, in no part of the North Sea did anchovies reach the overwintering size of 10 cm. In the southern North Sea, the proportion of suitable habitat varies between 0 in a suite of years (during the 1980s, 1990s and some from the 2000s) and 0.24 in 2006 (Fig. 3d) .
The areas of the North Sea where anchovy would be able to reach sizes of ≥10 cm according to the DEB model are similar in cold and warm years, illustrated (in Fig. 4 ) by the maps for 1988 (fraction of suitable habitat: 0.02) and 2003 (fraction suitable habitat: 0.11). Growth is highest in the southern North Sea, including the Dogger Bank, and around Denmark. It also appears that most of the positive growth has happened by 1 October and starts leveling off after this period (day 274 of the year, Fig. 3) .
Simulation results and empirical abundance from the following year's first quarter, indicative of survival, are well correlated ( Fig. 5 ; Spearman's rank correlation, σ = 0.78; p < 0.001). When years corresponding to zero catches in the IBTS are removed (6 years total), the same significant positive relationship holds (Spearman's rank correlation, r S = 0.65; p = 0.004).
Spatio-temporal modeling
The best model fit for the relationship between anchovy CPUE and food variables (i.e. different versions of Model 2) in the period from 1973 to 2006 was for the model that used log(zooplankton biomass) as it had the lowest GCV, and therefore, log(zooplankton biomass) was chosen as most appropriate zooplankton variable to represent anchovy food in Model 3.
The best model fit for the relationship between anchovy CPUE and environmental variables in Models 1 to 3 (temperature, food, or both) was for the model that included temperature only: Model 1 (GCV = 2.1835; R 2 = 0.10; deviance explained = 12.8%; Table 2 , Fig. 6 ) based on minimization of GCV and removal of non-significant variables. Indeed, while Model 3 had a lower GCV than the other models (GCV = 2.1199; R 2 = 0.738; deviance explained =10.1%; Table 2), it included a nonsignificant variable (food, p = 0.186) that did not show a significant relationship with anchovy abundance and could thus be removed. Model 2, with only food as an explanatory variable, had the lowest coefficient of determination (R 2 ) and accounted for the least of the deviance (R 2 = 0.05, deviance explained = 7.46% with a GCV of 2.1546; Table 2 ). The relationship between food and anchovy CPUE was close to zero in both Models 2 and 3 (Figs. 7b & 8b, respectively) and non-significant in both (p = 0.184 and p = 0.186, respectively; Table 2 ).
The spatial effect found in Model 1 with only temperature (see Fig. 6a ) indicates more CPUE off the Scottish coast and on the Dogger Bank, as well as around Denmark. Temperature during the previous growing season has a positive effect on anchovy CPUE (Model 1, Fig. 6b ) between 12 and 15°C, a weak effect on the CPUE between 15 and 17°C and a strong positive effect again between 17 and 19°C.
The residuals did not show any particular pattern, and temporal and spatial autocorrelation were not a problem due to the low proximity in time and space between the different observations after removing the zeros from the dataset.
DISCUSSION
The benefit of using both the spatio-temporal modeling and DEB approaches is that while the former indicates which environmental factors co-vary in time and space, the DEB model simulates the underlying mechanisms. We find that the proportion of North Sea habitat during the anchovy growing season is positively related to the following year's first quarter's anchovy CPUE and that the temperature of the growing season best explains the spatial variation in anchovy abundance and distribution. This supports the hypothesis of expanded thermal habitats as a mechanism for increased summer growth of individuals and better subsequent overwinter survival leading to the anchovy population expansion (Petitgas et al. 2012) .
In both cold and warm years, the areas where anchovy can grow best are located in the same areas in the southern North Sea. These regions include areas where a resident anchovy population is found (the Dutch coast; Boddeke & Vingerhoed 1996) and where a new anchovy spawning area was reported after the population increase (the German Bight; Alheit et al. 2007 ). This also corresponds roughly to the bathymetry of the North Sea and to shallower, hence warmer, areas. Table 2 . Generalised additive modelling: intercept, effective degrees of freedom (edf) and significance (p-value) of the spatial and environmental covariables in each of the 3 models. Coefficient of determination (R 2 ) and generalised cross validation (GCV) score are given per model Generally, the location of high anchovy CPUE found in the GAM does not correspond well to the high growth areas found in the DEB model. In the German Bight for instance, there is a low anomaly in the Quarter 1 CPUE, where DEB simulated growth is highest. CPUE is high on the east coast of the UK, on the Dogger bank and around Denmark. According to the DEB output, the east coast of the UK is a low growth area, the Dogger Bank varies depending on the year, while around Denmark, growth is always high. This discrepancy between high growth areas and high CPUE later is not completely surprising as fish are mobile organisms and often have seasonal migrations. Anchovy is known to partition its nursery and feeding grounds in other systems (e.g. Irigoien et al. 2007 ), so while it is possible that the fish caught in areas of low growth, e.g. off Scotland, grew there under sub-optimal growth conditions, it seems more likely that they occupied the more suitable habitat areas during the previous summer and then moved elsewhere, as indicated by earlier studies (Beare et al. 2004a . In winter, the SE North Sea cools down, and anchovy may move to warmer waters in the areas supplied by Atlantic inflow of relatively warm water (Southern Bight and along the coast of Scotland and England). The yearly variability in habitat suitability corresponds to the general increase of anchovy population over time (Beare et al. 2004a) , and specifically, the habitat suitability at the end of the year is strongly correlated with the IBTS CPUE of the following year's first quarter. This supports the hypothesis (of Petitgas et al. 2012 ) that it is the first growing season of North Sea anchovy that determines the abundance in the following year, due to increased winter survival. A different index of habitat suitability developed for older anchovies and based on the rate of reallocation of energy from reproduction buffer to maintenance in the DEB model has shown that the spatial extent of unsuitable areas during winter has decreased for anchovies in the North Sea ). November and December in particular showed large variability throughout the timeseries (1980 to 2004) with a decrease in the percentage of unsuitable area. Thus, it seems likely that in addition to affecting juvenile growth, winter temperatures are also a major influence on adult anchovy via reproduction.
Additional mechanisms related to reproduction and overwintering may have enhanced the population increase of anchovy under warming climatic conditions. First, a warmer growing season implies an acceleration of physiological processes, from assimilation of ingested food to maturation of oocytes and egg batch production, thus increasing the overall frequency of batch production as long as sufficient food is available. Second, under warming conditions, the length of the spawning season increases. According to a field study in the Bay of Biscay, both batch fecundity and batch frequency increase as the spawning season progresses (Motos 1996) . Third, temperature since the 1990s has been higher than in the past decades (Hughes et al. 2012) , and this may allow for increased overwinter survival of the individuals (see Petitgas et al. 2012 ). for more details Our study could be considered limited by the use of sub-optimal gear (a demersal trawl) to derived CPUE indices of survey abundance. One might imagine that small pelagic schooling fish are better sampled with acoustic surveys. However, the IBTS originates from the ICES young herring survey, and the GOV trawl was specifically chosen to sample juvenile clupeids (Heessen et al. 1997 ). The IBTS is the only comprehensive survey that has charted the population dynamics of North Sea anchovy, similar to the trends expressed by commercial vessels. This IBTS is also the CPUE series used in previous studies (Beare et al. 2004a , Petitgas et al. 2012 . In fact, the North Sea acoustic survey (as mentioned by Petitgas et al. 2012) does not catch anchovy. This is thought to occur because the survey is executed in the summer (June/July) in offshore areas (ICES 2012) just when anchovies are spawning in inshore areas (Alheit et al. 2007 . So the IBTS is the only dataset that regularly records anchovy, and this survey also covers a long period of time and is spatially extensive. Anchovy have been suggested to be benthic in wintertime (Fage 1911) , and a loss of reserves in winter and resulting change in buoyancy (Dubreuil & Petitgas 2009 ) may support or cause this change, again suggesting that the Quarter 1 IBTS survey is an appropriate and reliable index of anchovy dynamics in the North Sea.
In the spatio-temporal modeling part of the present paper, we use empirical data to disentangle the effects of temperature and food during the growing season. We find that temperature is more important than food in explaining the pattern of abundance and distribution of anchovies. In the German Bight, CPUE is generally lower, possibly because this area is rather shallow and therefore cools down substantially during winter, when anchovy move elsewhere , Beare et al. 2004a ). Physiologically, one may expect a positive effect of increasing temperature on fish productivity, up to a maximum and followed by a sharp decrease due to e.g. cessation of enzyme activity (Pörtner & Farrell 2008) . The smoothed relationship between temperature and CPUE anomalies that we find here deviates from this expectation. The positive relationship below 15°C and above 17°C and a stable level in between may indicate that 2 processes are involved. The positive temperature effect up to 15°C may reflect the need of anchovy for warm temperatures to spawn . The increase between 17 and 19°C may reflect the expansion of the spawning habitat. Food availability is expected to have a positive effect on fish populations (Brandt 1993 ) and on young anchovy in Japan (Zenitani et al. 2007 ), so it seems surprising that no effect is found here. The effect of zooplankton prey on anchovy distribution may have been overridden by that of temperature because since the 1990s the temperature in the southern North Sea has been higher than in previous decades (Hughes et al. 2012 ). This strengthens the hypothesis that anchovy are unlikely to suffer from food limitation in the North Sea, already suggested previously due to the species being a generalist feeder compared to other likely competitors . Although the empirical food-availability proxy we used (total zooplankton biomass) may be crude, we consider the results robust as we tried several other measures of food availability from the CPR data based on the present understanding of North Sea anchovy diet and obtained similar results.
Growth is affected by temperature and food availability in anchovy (Basilone et al. 2004 , Takasuka & Aoki 2006 , and survival also depends on food (Zenitani et al. 2007 ). In a comparative study of different anchovy populations in Asia, the respective importance of temperature and food varied by geographic region; however, the synthesis showed that an overall temperature relationship underlies all the relationships, making temperature more important than food availability in those areas (Takasuka & Aoki 2006) . Our results support this finding.
Other factors may affect growth patterns and were not taken into account in our study. Densitydependence can reduce growth in fish (Lorenzen & Enberg 2002) , but this possibility is ignored in our DEB model. Trophic competition can reduce growth, and size-selective predation may affect growth patterns. Different predator species select differently in Japanese anchovy (Takasuka et al. 2003) , and cannibalism also occurs (Takasuka et al. 2004) . The impacts of same-level and top-down effects on the North Sea anchovy population remain to be studied.
In conclusion, the present multiple-approach study, combining eco-physiological and ecosystem models with analysis of empirical data, provides a supportive and convincing argument about the processes that determined the recent expansion of anchovy in the North Sea. The DEB model is parameter intensive and based on a generic mechanical description of the anchovy's eco-physiology. In this case, we parameterised it using mostly Bay of Biscay anchovy values (Pecquerie et al. 2009 , Freitas et al. 2010 . However, the North Sea anchovy population is considered to be genetically distinct from the Bay of Biscay population (Zarraonaindia et al. 2012) , and parameter values are partly under genetic control ; therefore, it is possible that some of the parameter values used in the present study may differ from those that are appropriate for North Sea anchovy. The spatiotemporal modeling approach suffers from the same issues as many empirical studies, such as possible biases in measurement or sampling, and moreover, the GAM approach we use is correlative and does not address underlying mechanisms linking the variables of interest. Statistical relationships do not necessarily imply causality, but putting all the information together gives a coherent picture. We think that together the 2 parts of the present paper support the importance of the growing season in the range expansion of anchovy in the North Sea and indicate that habitat suitability in terms of the pre-winter growth is a crucial factor. 
